The distribution of three adenovirus-encoded DNA replication proteins in the nucleus of human 293 cells was studied by immunogold electron microscopy. The infected nuclei contained four morphologically distinct inclusions. They were highly electron-dense granules (type I), compact fibrogranular masses of medium electron density (type II), filamentous masses of low electron density (type III) and large polygonal crystals (type IV). In immunogold labelling studies, antibodies to the adenovirus single-stranded DNA-binding protein (DBP) and antibodies to single-stranded DNA showed extensive binding to the type III inclusions. The antibodies to the adenovirus DNA polymerase (AdPol) and terminal protein (TP) predominantly labelled type II inclusions. Double immunogold labelling studies detected low levels of AdPol and TP in type III inclusions and DBP in type II inclusions. The selective distribution of DNA replication proteins suggests that the type II and III inclusions represent two functionally different entities that may be involved in two different aspects ofadenovirus DNA replication, i.e. chain initiation and elongation.
Introduction Methods
Adenovirus DNA replication in vitro requires three virus-encoded proteins (for a review see Challberg & Kelly, 1989) : the DNA-binding protein (DBP), the DNA polymerase (AdPol) and the terminal protein (TP). The TP is involved in the initiation step, the DBP in the elongation step and the AdPol in both (Challberg et al., 1982; Friefeld et al., 1983; Nagata et al., 1982 Nagata et al., , 1983 . The selective requirement of proteins for the two steps in DNA replication raises the possibility that the two steps in vivo may be separated in time or space or both. In this context, it is noteworthy that the nuclei of adenovirusinfected cells contain several morphologically distinct inclusions that appear at different times after infection (Martinez-Palomo et al., 1967; Weber & Liao, 1969; Yamamoto, 1969; Boulanger et al., 1970; Marusyk et al., 1972) . It is possible that these inclusions represent intranuclear compartments in which distinct viral functions are carried out. In this study, we have mapped the relative distribution of DBP, AdPol and TP in the nuclei of infected cells by immunogold labelling and electron microscopy. The results show a selective accumulation of the three proteins within two distinct inclusions. Based on these results, we suggest that in vivo the initiation and chain elongation of adenovirus DNA replication occurs in two distinct intranuclear compartments.
Cells and viruses.
Human embryonic kidney (293) cells (Graham et al., 1977) were grown and maintained in alpha MEM containing 10~ newborn calf serum. Cells were infected with adenovirus type 5 at a multiplicity of 10 p.f.u, per cell and harvested at various times after infection by scraping into phosphate-buffered saline (PBS).
Antibodies. Monoclonal antibodies against the DBP have been described previously (N eale & Kitchingman, 1990; Reich et aL, 1983) . Polyclonal antiserum directed against AdPol (Friefeld et al., 1985) and precursor TP (Stunnenberg et al., 1988) were a gift of Dr Marshall Horwitz. Monoclonal antibodies to ssDNA (mouse anti-human) were purchased from Chemicon International (catalogue no. MAB034). The antibodies show minimal binding (approximately 3~) to dsDNA.
Immunogold labelling~electron microscopy. For immunogold labelling, cells at various times after infection were pelleted and fixed in 2-5~ glutaraldehyde in 0.01 M-cacodylate buffer. The cells were dehydrated in 15~, 30~ and 50~ ethanol for 15 min each and stained with 2~ uranyl acetate in 50% ethanol for 30min. They were further dehydrated in 70% and 100~ ethanol for 15 min each and immersed in 1 : 1 ethanol :LR White resin (London Resin Company) for 1 h. Finally they were embedded in LR White resin for 24 h at 50 °C and sections were cut with a diamond knife on a Sorvall MT 6000 ultramicrotome; the sections were picked up on nickel grids.
The grids carrying sections were processed for immunogold labelling as follows: they were floated on PBS containing 0.02 M-glycine and 0.5 % gelatin to minimize non-specific binding of the antibodies. The grids were blotted with a filter paper and floated (with section side down) on drops of the first antibody diluted 10-to 20-fold with Trisbuffered saline (TBS; 500 mM-NaCI and 25 mM-Tris-HCl pH 7-6) containing 1~ gelatin for 1 h at 37 °C. The grids were thoroughly rinsed by floating on several drops of TBS and then on gold-conjugated 0000-9605 O 1990 SGM second antibodies [goat anti-mouse antibodies conjugated with 5 nm or 15 nm gold particles (GAM-G5 or -G 15)or goat anti-rabbit antibodies conjugated with 5 nm or 15 nm gold particles (GAR-G5 or -GI5) diluted 10-fold with TBS-I~ gelatin]. The gold-conjugated second antibodies were purchased from Janssen Pharmaceutica. The grids were incubated for 1 h at 37 °C, rinsed well with TBS and stained either with 4~ aqueous uranyl acetate or 2~ phosphotungstic acid (in 25 ethanol) for 15 min. A variety of controls were maintained to check for non-specific labelling of the primary and secondary antibodies. These included removing the primary antibodies from the procedure or replacing the primary antibodies with irrelevant (Sendai virus-specific) antibodies, or using uninfected cells in the experiments. The labelling was either undetectable or minimal under these conditions.
For general morphological studies, cells were fixed with glutaraldehyde as above and post-fixed with 1~ osmium tetroxide in 0.1 Mcacodylate buffer for 15 rain. They were dehydrated, stained en bloc as before, and embedded in Spurr low viscosity embedding medium. Sections were stained with Reynolds lead citrate before electron microscopy. All sections were viewed in a Philips EM 301 electron microscope operated at 80 kV.
Results

Classification of intranuclear viral inclusions
Previous electron microscopic studies have identified a variety of inclusions in the nucleus of adenovirusinfected cells and classified them on the basis of structure and electron density (Martinez-Palomo et al., 1967; Levinthal et al., 1967; Weber & Liao, 1969; Yamamoto, 1969; Boulanger et al., 1970; Marusyk et al., 1972) . However in these studies, the ultrastructure of the inclusions depended on three factors: the preparation procedures, the time of infection and the type of host cell. Therefore, as a prelude to the immunogold labeUing studies, we identified the nuclear inclusions in adenovirus 5-infected human embryonic kidney (293 cell line) cells. Our classification generally agrees with that proposed by Martinez-Palomo et al. (1967) with the exception of the type IV inclusion. The following is a description of these inclusions.
(i) Type I inclusions These are small, spherical and highly electron-dense, granular inclusions which are present in small numbers beginning at about 8 h post-infection (p.i.). They occur either as independent entities or in association with type II inclusions (Fig. 1) . Previous immunoferritin and enzymic digestion studies (Levinthal et al., 1967; Martinez-Palomo et al., 1967) have suggested that these inclusions contain viral proteins.
(ii) Type H inclusions These are compact fibrous masses of moderate electron density, which appear at about 8 h p.i. and are most abundant at 24 h p.i. A large number of these inclusions usually surround type III inclusions (Fig. 1 ).
Previous immunoferritin, enzymic digestion and autoradiographic studies have shown that type II inclusions contain both viral genomes and viral proteins (Kalnins et al., 1966; Levinthal et al., 1967; Martinez-Palomo et al., 1967) .
(iii) Type III inclusions These first appear at about 8 h p.i. as small fibrous patches and increase in size until 24 h p.i. at which time they occupy a substantial fraction of the volume of the nucleus. They possess a lower electron density than type II inclusions and are composed of a matrix of fine filaments (Fig. 1) . Previous studies have suggested (Levinthal et al., 1967; Martinez-Palomo et al., 1967) that these inclusions are aggregates of viral genomes.
(iv) Type IV inclusions Martinez-Palomo et al. (1967) have described a distinct group of dense reticular inclusions in adenovirusinfected human KB cells. These inclusions are believed to originate from type II inclusions since transitional forms between the two are often encountered. In our studies dense reticular material is usually seen associated with type II and III inclusions but it is not demarcated into distinct structures (Fig. 1) . Therefore, we use the type IV designation for another kind of structure found in adenovirus-infected cells, i.e. the paracrystals (Fig. 1  inset) . The paracrystals appear at about 16 h p.i. and continue to grow with the progress of infection. Previous immunofluorescence studies have found these structures to be composed of viral core proteins (Marusyk et al., 1972) .
Time-course distribution of DBP
The intranuclear distribution of DBP was examined by immunogold labelling using monoclonal anti-DBP antibodies. The labelling of DBP was first detected at about 8 h p.i. A few molecules of DBP were found randomly distributed throughout the nucleus but a large number were concentrated within fibrous patches that are adjacent to the type II inclusions (Fig. 2a) . These fibrous patches may represent the precursors of type III inclusions. No accumulation of DBP was found either in type I or type II inclusions nor in the nucleoli. At 16 h p.i., the DBP was predominantly found in type III inclusions that were discrete entities (Fig. 2b) . At higher magnification, the type III inclusions show a spongy substructure composed of a matrix of filaments ranging in diameter from 5 to 10 nm (Fig.2c) . Patches of electrondense material, presumably representing bound anti-DBP antibodies, were found among these filaments. As at 8 h p.i., other inclusions and the nucleoli remained unlabelled as were the assembling virions. At 24 h p.i., the nucleus is filled with large conglomerates containing all four types of inclusions and mature virus particles (Fig. 3) . The DBP was most abundant in type II! inclusions although a few molecules were found in other inclusions as well as in the nucleoplasm.
The observation that type III inclusions contain filaments with approximately the thickness of D N A (Beer & Zobel, 1961) or D N A coated with protein (5 to 10 nm) is in keeping with the suggestion of others (Levinthal et al., 1967; Martinez-Palomo et al., 1967) that these inclusions contain D N A . It is also noteworthy that type II inclusions, which have also been shown to contain D N A (Kalnins et al., 1966; Levinthal et al., 
Type III inclusions contain ssDNA
Previous studies have shown that chain elongation in adenovirus D N A replication involves displacement of one of the parental strands and requires AdPol and DBP (Kaplan et al., 1979; Nagata et al., 1983) . We reasoned that if type III inclusions contain replicating DNA, then they should label with antibodies to ssDNA. We labelled thin sections of adenovirus-infected cells with a monoclonal antibody specific for ssDNA followed by incubation with goat anti-mouse antibodies conjugated with colloidal gold. The results revealed that the ssDNAspecific antibodies label two distinct structures within the nucleus, the peripheral membrane-bound chromatin of the nucleus and type IlI inclusions (Fig. 4) . The observed labelling of the peripheral chromatin is in accord with earlier studies which showed that D N A replication in eukaryotes occurs, in part, near the nuclear membrane (Spector, 1990) . The abundance of ssDNA in type III inclusions suggests that these inclusions represent compartments in which DNA chain elongation occurs.
Localization of AdPol and TP
The major proteins involved in viral DNA replication are DBP, AdPol and TP. TP is involved in the initiation step of DNA replication, the DBP in the elongation stage and the AdPol in both. In an attempt to identify the intranuclear compartments in which initiation of DNA replication and chain elongation occur, we studied the time-course distribution of both AdPol and TP.
When examined by immunogold labelling at 8 h, 16 h and 24 h p.i., AdPol was found diffusely distributed throughout the nucleoplasm with some localization in the type III inclusion. However, the major fraction of AdPol was detected in type II inclusions, which in this study were poorly labelled with DBP. A comparison of DBP and AdPol label illustrated in Fig. 5(a) and (b) respectively shows that the labelling of both proteins is complementary rather than overlapping. The pattern of distribution of AdPol remained the same throughout infection. Viral cores showed no labelling of AdPol.
We performed a double-immunogold labelling experiment to determine whether DBP and AdPol codistribute in type III inclusions. To do this, sections of infected cells were first labelled with mouse monoclonal anti-DBP antibodies and anti-mouse antibodies conjugated with large gold particles 05 nm) to identify the type III inclusions and then with polyclonal (rabbit) antiAdPol antibodies and anti-rabbit antibodies conjugated with small gold particles (5 nm) to locate AdPol. The results illustrated in Fig. 6 show that type III inclusions contain both DBP and AdPol although the former is much more abundant than the latter.
To determine the distribution of the TP among different inclusions, we labelled sections of adenovirusinfected cells with a polyclonal rabbit antiserum to TP followed by incubation with gold-conjugated anti-rabbit antibodies. As with AdPol, the TP was found predominantly in type II inclusions (Fig. 7a) although other inclusions and nucleoplasm also contained traces of TP. Unlike DBP and AdPol, TP labelled most (54 out of 71) of the maturing virions (Fig. 7 b) . The results suggest that type II inclusions are enriched for both AdPol and TP and that they may represent sites of initiation of DNA replication. The labelling of virions with TP is in keeping with a variety of studies that showed TP as a component of the viral genome (Challberg et al., 1980) . To determine the relative distribution of DBP and TP in type III inclusions we performed a double immunogold labelling experiment in which the DBP was labelled with large (15 nm) gold particles and the TP with small (5 nm) gold particles. The results illustrated in Fig. 7 (c) show that type III inclusions contain large amounts of DBP but only traces of TP.
Discussion
The results of this study provide us with a new perspective on adenovirus replication. First, the study allows us to redefine various types of nuclear inclusions found in adenovirus-infected cells. It is clear from this study that the four types of inclusions differ not only in morphology but also in their composition and function. The results of this study as well as those of other published reports now permit us to attribute distinct characteristics to each of these inclusions (Table 1) . Functionally, the inclusions seem to represent compartments in which the viral components are either stored or brought together to perform a discrete function. Thus, the inclusions of type I and IV appear to store viral proteins whereas those of type II and III appear to be involved in viral D N A functions, i.e. transcription and/or replication. As will be discussed below, the inclusions of types II and IIl may support two different aspects of D N A replication, i.e. initiation and elongation.
Second, the results show that a major fraction of the nuclear DBP is associated with a specific inclusion, that of type III. The results have shown that these inclusions contain filaments with a diameter similar to that of D N A and are also enriched for ssDNA. Studies by others have shown that type III inclusions are not antigenic and that they resist proteolytic digestion (Levinthal et al., 1966) . In previous immunofluorescence studies, the DBP was found to be associated in the nucleus with globular structures that enlarged with the progress of infection (Sugawara et al., 1977; Klessig et al., 1986) . The temporal appearance of these globular structures correlated well with the intranuclear distribution of adenovirus genomes and the stability of these globules depended on the onset and continuation of viral D N A replication (Voelkerding & Klessig, 1986; Klessig et al., 1986) . All these observations suggest that type III inclusions observed by electron microscopy are identical to the globular structures observed in the immunofluorescence studies. Additionally, these studies strongly suggest that the inclusions are centres for D N A replication. The presence of AdPol and TP in type III inclusions demonstrated in the present study is also consistent with the above conclusion. The presence of extensive single-stranded regions and large amounts of DBP both indicate that D N A chain elongation occurs in type III inclusions. It is known that elongation results in displacement of one of the parental D N A strands and that it requires the presence of DBP (Kaplan et al., 1979; Nagata et al., 1983) .
Third, the present study has shown that type II inclusions are enriched for AdPol and TP but contain only traces of DBP. Previous cytochemical and autoradiographic studies have shown that these inclusions contain viral D N A (Levinthal et al., 1967; MartinezPalomo et al., 1967) . The composition of the type II inclusions is consistent with the notion that these inclusions represent compartments in which the initia- (Levinthal et al., 1967; MartinezPalomo et aL, 1967) Protein and DNA (Kalnins et aL, 8 h p.i. 1966; Levinthal et al., 1967; Martinez-Palomo et al., 1967 ; contains large amounts of AdPol and TP and traces of DBP Mostly DNA (Levinthal et al., 8 h p.i. 1967; Martinez-Palomo et al., 1967) ; contains high concentration of DBP and low levels of AdPol and TP; enriched for ssDNA Core proteins (Marusyk et al., 16 h p.i. 1972) tion of DNA replication occurs. Previous in vitro studies have shown that initiation of DNA replication requires AdPol and TP and that these two proteins exist as a complex (for reviews see Kelly, 1984; Friefeld et al., 1984; Sussenbach & Van der Vliet, 1983; Challberg & Kelly, 1989) . Therefore, type II inclusions, by virtue of the presence of viral DNA and large quantities of AdPol and TP in them, appear to be the best candidates for being the DNA initiation complexes.
Taken together, these results suggest that in vivo the initiation and elongation phases of DNA replication may be separated spatially and temporally. The spatial separation is between initiation complexes, which contain AdPol, TP, small amounts of DBP and little ssDNA, and elongation complexes, which contain relatively small amounts of TP, some AdPol and large amounts of DBP and ssDNA. The temporal separation, which has by no means been shown in the electron microscopy studies described herein, may be involved with the transport of initiated complexes to the type III inclusions for elongation. It is known that in vitro, DNA replication will halt after the synthesis of several hundred nucleotides unless the DBP is present (Challberg & Kelly, 1989) , or after about 9 kb if insufficient NF (nuclear factor) II is present (Nagata et aL, 1983) . In the first case, there may be a need to reorganize the replication complex, as NF I and NF III presumably have served their purpose and the DBP and NF II must now function. In addition, the complex between the AdPol and TP must be broken at some early point in replication. Our working hypothesis is that during the course of these changes the replication complex is actually translocated from a type II inclusion to a type III inclusion. This hypothesis raises several possibilities that can be tested experimentally and are the subject of ongoing work.
